Self-standing iron nanowires were fabricated at the apex of a tungsten needle tip by electron beam induced deposition. This sharp needle tip which adhered to the nanowire can be moved with a stepping motor and piezo-driving device, and was attached inside a specially designed transmission electron microscope specimen holder. A copper conductor substrate, with which the approaching nanowires will build up a closed electric circuit, was set on the holder. The tungsten needle tip accompanied with the EBICVD nanowires made contact with the substrate and then a voltage was applied between the two electrodes. Resistivity values of the examined nanowires, by a devised Lock-in-Amplifier circuit, range from 0.1 Ωm to 10 −3 Ωm. Our investigation might have implications in the fabrication and characterization of nano-electronics device. Precursor with phenanthrene (C 4 H 10 ) was used and the deposition experiment was done using a scanning electron microscope at room temperature. It was found that the surface structure at the top of the nanorod, such as a small protrusion within only several nanometers scale, has significant influence on the field emission property. An emission current of several tens of nano-ampere flowing through this nanorod could induce resistance heating. In several minutes, this thermal energy could transform the original amorphous carbon into a graphite-like structure embedded with fullerenes. The turn-on voltage of the graphite-like nanorod was about 11 V less than that of the original amorphous case.
I. INTRODUCTION
Resistivity and associated electric transportation properties of one-dimensional metallic nanowires have been attracting great interest from nano-physics researchers and have potential applications in the new generation of nano-electronics devices [1] [2] [3] [4] [5] [6] . Theoretical simulations combined with experimental approaches regarding to this unsolved issue have been presented such as studying the effect of electron-phonon interaction on the resistivity of metallic nanowires [7] , spin-polarized conduction channeling model explaining the resisitivity fluctuation inside nano-structures [8] , the relationship between current-voltage output values and domain wall resistivity [9] , four-point resistance measurements on short segments of nanowires [10] , and chargedensity-wave function calculations for the resistivity of nanowires [11] . An accurate knowledge of the resistivity of an individual nanowire is necessary because the electrical transportation ability of the nanowire depends on its resistivity and the associated scattering matrix factor.
Since resistivity is a key factor governing the electric transportation of metallic nanowires, the necessity was felt to introduce a quantity measurement method to characterize the resistivity of nanowires. Conducting probe atomic force microscopy (AFM) [12] has been developed for electrical testing in ambient conditions, and platinum nano-interconnects fabricated by focused-ionbeam deposition in addition to photolithography patterning was employed to increase the accuracy of resistivity measurement [13] . Ion-beam-induced deposition together with a four-point resistivity measurement have shown temperature dependence on the resistivity of metallic nanowires and how combined focused ion and electron beam induced deposition techniques can realize ohmic contacts in the nanowire resistivity measurement [14, 15] .
The disadvantages of the above measurement techniques are evident. The contact resistance between nanowire and probe tip was difficult to avoid and definitely became an error source. Furthermore, conventional resistivity measurements were performed on a large assembly of powders, fibers or nanowires having a complex dispersion of morphology, composition, orientation and separation. It is difficult to get reliable information from one single nanowire [16] [17] [18] [19] [20] .
In order to improve the above shortcomings for resisitivity measurement, we devised a Lock-in-Amplifier circuit attached to transmission electron microscope for measuring the resistivity of an individual nanowire. The Lock-in-Amplifier circuit can remove much of the unwanted noise while measuring an AC voltage (or current) and give an output in the form of DC voltage proportional to the value of the AC signal being measured. The Lock-in-Amplifier shows that the DC output level locks to and measures a particular frequency of interest ignoring all other signals at the input and is usually greater than the input AC level.
Field electron emission from carbon nanotubes (CNTs) or other one-dimensional materials have been attracting much scientific and technological interest, because these one-dimensional nanomaterials are a type of promising field emission source [21] [22] [23] [24] [25] [26] [27] [28] . The advantages of one-dimensional nanomaterials are their nanometer scale and high aspect ratio, so that they can be used as suitable field emitters or display device units. Bonard et al. [22] reported the tuning of field emission properties of carbon nanotube film by controlling the density of nanotubes, inter-electrode distance, and tube radius. Their results indicated that low density film could generate a high emission field and only a small part of the nanotubes contributes to the emitted current. The field emission and structure damage of individual carbon nanotubes inside a transmission electron microscope (TEM) has been reported [28] . This structure damage is due to emission current heating through the outside graphite layers or strong electrostatic force. Controlling the shape and composition of the field emitter is an important issue. Electron beam induced deposition (EBID) is an excellent method to fabricate nanostructures with complicated geometries at desirable positions. The merits of EBID include fine fabrication resolution, flexibility in substrate selectivity, and easily creating three-dimensional structures in a nanometer scale [29] [30] [31] [32] [33] .
The examined nanowires used in the resistivity measurement experiment were grown by electronbeaminduced chemical vapor depositiontechnique, which has received great attention because it is a size and position controllable fabrication method. EBICVD can fabricate zero-to three-dimensional nanostructures with complex geometrical shapes and high technical flexibility. Many important applications including field electron emitters, scanning tunneling microscopy, magnetic force probe and circuit reparation have been realized via this technique. A specially designed TEM sample stage was used to measure the field emission property of the nanorod. Work function affects emission current of the nanorod, so that the precursor used for deposition could be selectively changed. In this experiment, phenanthrene was used to make carbon deposition. The field emission properties of nanorods by other types of precursor will be addressed. Our data shows that an emission current with only several tens of nano-amperes can effectively modify the structure of the original amorphous carbon nanorod and improve its field emission property. The maximum emission current was increased and the turnon voltage was reduced.
II. EXPERIMENTS
Straight self-standing nanowires were fabricated onto the apex of a needle tip by electron beam induced deposition with various kinds of metal-organic gases. The tungsten needle tip was prepared by a standard electro-chemical etching process. Electron-beaminduced chemical vapor deposition was carried out inside the chamber of a field-emission-gun scanning electron microscope. The accelerating voltage was 30 kV with an 8 nA beam current under a 2 µPa base pressure inside the SEM chamber. Gas precursor was introduced into the SEM chamber by a nozzle with a 0.2 mm inner diameter installed on the SEM. A computer controlled scan generator was used to maintain accurate control of the deposition speed. Iron pentacarbonyl (Fe(CO) 5 ) was used as precursor sources for Fe nanowire deposition. With the help of EBICVD technique, we can readily extend the gas precursor to be iron pentacarbonyl (Fe(CO) 5 ), tungsten hexacarbonyl (W(CO) 6 ) and cyclopentadienylplatinum (IV)-trimethyl (CpPtMe 3 ); and the deposition substrate to be silicon sheet, copper grid or carbon film. Electron energy loss spectra and high-resolution TEM characterizations were performed using a JEOL JEM-3000F field-emission-gun TEM operated at 300 kV. After deposition, the structure and field emission property of the nanorod were investigated using a JEOL JEM-3000F field-emission-gun TEM operated at 300 kV. Fig.1(a) is a tungsten needle tip with sharp shape geometry prepared from the standard electrochemical etching process. The diameter of bulk part is around 300 microns and the diameter of the tip region is about 150 nm before depositing a gold layer to remove the possible charge-up effect inside the electric field of the microscope. and about 50 nanometers in width, so the aspect ratio is ∼30. This nanowire was fabricated by EBICVD method using Fe(CO) 5 as gas precursor. The deposits from Fe(CO) 5 gas were a mixture of nano-crystals and amorphous phases, i.e. nano-composites composed of amorphous iron and carbon surrounded by iron oxide nanocrystals, as investigated previously [16, 17] .
III. RESULTS
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To investigate the micro-structure of the product, one free-standing nanowire was deposited traversing a hollow hole onside a carbon grid using the same growing conditions as shown in Fig.1(a) . Figure 2(a) is a TEM image of this nanowire and Fig.2(b) is an electron energy loss spetra acquired from the circled region, showing carbon K-edge at 284 eV, oxygen K-edge at 532 eV and iron L 2,3 -edges at 708 and 721 eV, respectively. • corresponding to the (212) and (211) crystalline planes of Fe 2 O 3 crystal (JCPDS 39-1346). A certain amount of amorphous phase was simultaneously found in this nanowire. The nanowire is composed of iron and iron oxide crystalline structure together with amorphous mixture evidenced from EELS and HRTEM characterization.
When the electron beam with 30 keV energy irradiates a specified gas precursor inside SEM chamber, the molecules are dissociated into non-volatile components which will assemble into the deposits, and volatile components which will be evacuated by the vacuum system. We deposited the iron nanowire directly at the apex of the tungsten tip, so that the contacting resistance between Fe-nanowire and W-tip could be readily decreased in the measuring process. Reduction on the contacting resistance is a unique advantage of EBICVD method, for measuring resistivity, over other technical routines such as depositing connection-electrode by focus ion beam (FIB).
A sketch map of the Lock-in-Amplifier circuit is de- picted in Fig.3(a) , which was composed of an AC power source and one compatible resistance (10 6 Ω). The frequency of applied AC voltage is 20 Hz using lock-inamplifier . Schematic representation for the approaching nanowire/tip and copper substrate inside the novel design TEM specimen holder is shown in Fig.3(b) .
The dependence of applied voltage, actual current flowing through the nanowire, estimated heat generated from the nanowire resistance itself and the calculated resistivity values (from applied and measured voltages and geometrical dimensions) on the measuring interval (time) are shown in Fig.3(c) -(f). To test the feedback response of current and generated heat, the applied voltage interval was divided into three different sub-stages, i.e. 0→0.2 V, 0.2→0→0.26 V, and 0.26→0→0.91→0 V.
It is reasonable that the measured current (corresponding sub-stages are 0.3→8 nA, 8→0.6→15 nA, and 15→0.5→490→4.5 nA) and generated heat (corresponding sub-stages are 2. Ωm, approaching the resistivity of crystal. This interesting phenomenon suggests that a phase transformation might happen inside the nanowire by the generated heat resulting from the flowing current due to the resistance itself.
The resistivity values of this nanowire by EBICVD are higher than that of conventional crystalline iron (about 9×10 −8 Ωm) or iron oxide (abou 1→10 −3 Ωm) [18] , which is consistent with tight-binding calculation on metallic nanowires [19] . An enhancement of nanowire resistivity would be up to a factor of 1.5-1.8 with decreased width. The main reason comes from the electric conductivity proposed by Mott
where R is average intersite separation, r is fraction of sites occupied by an electron, ν is phonon frequency, T is absolute temperature, e −2αR is a tunneling probability term, and W is hopping activation energy [20] . Amorphous material, containing iron and carbon together with crystalline iron, co-exists inside the EBICVD-nanowire. Total contributions to the resistance R of the nanowire include from both grain and grain-boundary, i.e., (R G +R GB ). Amorphous phases show higher resistivity than that of crystalline phase. The residual resistance of crystal is very limited because there are a few structure defects or impurities. However, amorphous phase inside the nanowire by EBICVD exhibits more disordered micro-structure, leading to larger residual resistance than that of crystalline phase. The mean free path of electron inelastic scattering inside the amorphous part is very small, with one-order approximation, and electron states covered inside shortrange order of amorphous phase become localized instead of non-localized, so it is more difficult for electrons in the amorphous phase to realize transportation under applied voltage than electrons in crystal. After a period of applying voltage and generating thermal energy, with which amorphous phase might be transformed into crystal phase, the resistivity of this nanowire decreased.
Shown in Fig.4 are six captured images corresponding to the nanorod at different times of applying voltage: 10, 60, 120, and 660 s. The applied voltage means the voltage difference between the nanorod cathode and the Mo anode. In this experiment, values of the applied voltage are in the range from 0 V to 90 V. With the time increasing, the geometrical morphology of the nanorod changed evidently and the original amorphous carbon was transformed into graphite-like structure progressively, induced by the emission current. The most striking feature is the removal of the small protrusion, leaving a new flat top there. Moreover, many fullerenes were formed at the outside surface of the nanorod. The diameters of these fullerenes range from 0.5 nm to 2.5 nm, which possibly contributes to the field emission.
It was calculated that, the slope values of the nanorod at 10, 60, 120, and 660 s of applying voltage were 567, 534, 498, and 390 respectively. Thus, if the field enhancement factor of the nanorod at 660 s of applying voltage was assumed to be β 0 , the field enhancement factors of the other three cases were computed to be as 0.66β 0 , 0.70β 0 , and 0.78β 0 respectively. In the measured range, with the time of the applied voltage increasing, the field enhancement factor becomes larger and larger. The maximum value of β happens at 660 s of applying voltage. The formation of fullerenes and the removal of small protrusion might be the reason of this improvement of field emission property.
IV. CONCLUSION
In this work, we performed the resistivity measurement for one individual nanowire in situ inside a transmission electron microscope. Lock-in-Amplifier measurement based on piezo-driving device has been confirmed to be effective for examining the resistivity of nanowire, although this nanowire is a complicated nanocomposite material composed of micro-crystalline and amorphous phases instead of a single crystal, which might increase the difficulty of the measuring experiment. It was found that the resistivity of the EBICVD nanowire displayed an interesting reduction, from initial 0.1→10 −3 Ωm to 10 −4 Ωm order after thermal energy was generated in the process of flowing electric current. A microstructure transformation, such as a crystallization process, resulting from the ohmic heating in the process of measurement is the reason for this resistivity reduction, Our results have implications in taking advantage of advanced TEM techniques to find an answer for measuring and evaluating the resistivity of one single nanowire, which will open meaningful ideas for understanding the electric properties of nanoelectronics and nano-magnetic devices. Individual carbon nanorod was deposited at the apex of tungsten needle tip and the field emission property of this nanorod was investigated via a specially designed piezo-driving TEM sample holder. After applying a voltage for several minutes, the original amorphous carbon could be transformed into graphite-like structure. At the same time, the geometrical shape of the top surface of this nanorod was changed to be flat, instead of having a small protrusion. After the transformation of the shape and micro-structure, the field emission property of the nanorod was improved.
V. ACKNOWLEDGMENTS
This work was supported by National Natural Science Foundation of China (No.50472044), and the Institute of Physics, Chinese Academy of Sciences (KJCX2-YW-M04).
